Activated carbons (AC) were prepared from waste granulated Polyethyleneterephthalate (PET) by chemical activation with phosphoric acid, sodium hydroxide and potassium hydroxide. All AC were characterised by N 2 adsorption at 77 K, and those prepared with H 3 PO 4 had a narrow pore size around 0.8 nm, those prepared with NaOH had a larger pore size higher than 1.52 nm and those prepared with KOH presented a pore size varying between 0.66 and 1.58 nm. The results suggest that H 3 PO 4 and NaOH are not the most suitable activating agents for preparing AC with a high pore volume from waste PET. The AC produced with KOH presented a very high porosity, which passed through a maximum of 0.75 cm 3 g -1 , due to an enlargement of the small micropores with an increase of the carbonisation temperature.
Introduction
Activated carbons are widely used for separation, purification and odour elimination, for example in catalysis, in waste water treatment, as carbon capacitors and recently in strategic applications such as new cooling systems without CFC or automotive gas storage [1 -14] . Their performances and the final application are determined by surface chemistry and texture. In general terms, small micropores are often required for gas phase applications and larger micropores, including some mesoporosity, for liquid phase applications. As the AC application becomes more specific, a better control of pore size distribution is required and the challenge is to prepare adsorbents with optimised properties, such as surface area, mean pore size and pore size distribution and functional surface groups, at a low cost.
Many solid organic wastes contain a high percentage of carbon and a great many of them are available in a pure form. Waste PET is a potential precursor and its laboratory utilisation is significant [1] [2] [3] [4] [5] [6] [7] [8] . Besides its wide commercial application (e.g. replacing glass in soft drink bottles and containers), its conversion to activated carbon offers an additional way of reducing solid polymer waste adding economic value. The recycling of waste polymers including PET can be carried out in many ways, but a good economic performance is central to developing successful markets for the recycling of plastics. The recycling method is economically viable if the recycled PET is obtained at a lower price when compared with that synthesised by the classical way and the opposite often happens when the chemical recycling process is used [15] .
The best experimental conditions to achieve an optimised carbon material are normally obtained by varying some parameters like activation temperature, activating agents and concentrations.
The main objective of this work was to prepare, characterise structurally and chemically the AC produced from recycled PET by chemical activation with different concentrations of KOH, NaOH and H 3 PO 4 , at different carbonisation temperature.
Experimental
In this work a series of microporous activated carbons was prepared from recycled PET provided by Selenis (Portalegre-Portugal). These AC were prepared by chemical activation with KOH, NaOH or concentrated H 3 PO 4 acid, with different ratio. The granulated PET waste was impregnated, during 48h at 298K, with solutions of different concentration of H 3 PO 4 , KOH or NaOH or was simply mixed with KOH or NaOH. The ratio of chemical activating agent to precursor varied from 1 to 4. The mixture was then carbonised in a N 2 flow, using the detailed procedure described previously [1] . All adsorbents were characterised by determining the elemental composition and the point of zero charge and by the adsorption of N 2 at 77K, using procedures detailed in previous work [1, 2] . All isotherms were analysed with the DR equation and the α s method and the results are presented in table 1. In this paper, PK/dry/2/900 means AC prepared from recycled PET, by dry KOH activation, with a ratio of 2, at 1173 K (900ºC), PA-phosphoric acid, and PS/h/ -by humid method NaOH activation.
Results and Discussion
A series of AC were prepared from a recycled granulated PET with different ratios of activating agent/precursor and as well as different temperatures. With the three activating agents, NaOH, KOH or H 3 PO 4 and with the same ratio of activating agent/precursor, the carbonisation yields obtained at 873K or at higher temperatures were always superior to those obtained at 723K. László et al. explained this behaviour stating that PET degradation started around 628K and the whole pyrolysis process takes place at a temperature less than 768K. If the volatile compounds are not completely released, a structural transformation and rearrangement of the carbon material takes place at higher temperature and the carbonisation yield increases [4] .
With H 3 PO 4 , the pyrolysis yield varied from 15 to 31%, and increased from 23.1 to 30.8% when the carbonisation temperature increased from 623 to 873K with the ratio H 3 PO 4 / PET equal to 1.5. The pyrolysis yield was higher with a ratio of 1.5 than with a ratio of 0.75, however, the ratio H 3 PO 4 /PET equal to 0.75 was considered optimum, even though the carbonisation yield only reached 22%, as with these conditions it was possible to obtain AC with a higher micropore volume and a narrow pore size as can be seen from the results presented in table 1. All AC presented an acidic pzc varying from 2.3 to 4.2, and an oxygen percent from 7.5 to 9.1, when the ratio H 3 PO 4 /PET increased from 1.5 to 3.0. The high oxygen content and a low pzc are in agreement with a high presence of acidic groups at the AC surface. The PET chemical activation with H 3 PO 4 must be useful for preparing AC with a narrow pore size, as all AC presented a mean pore size varying from 0.76 to 0.83 nm.
With NaOH, the carbonisation yield varied from 8.1 to 31.1% and reached a maximum at 873 K. A ratio of NaOH/PET equal to 1, must be considered optimum for the AC preparation from recycled PET at 873K, as when the ratio of NaOH/PET increased (R=2), the reaction between the activating agent and the precursor was too extensive and the outcome of the carbonisationactivation step was just ash. For the same ratio of NaOH/PET at 873 K the wet mixing method seems more interesting, as the carbonisation yield increased significantly when compared with the dry method.
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With an increase in the carbonisation temperature to 1073K, the AC (PS/h/0.5/800 and PS/h/1/800) presented the highest micropore volume (0.28 and 0.30 cm 3 g -1 ) when compared with those prepared at 873 K (PS/h/0.5/600 and PS/h/1/600), but an enlargement of the pore size took place and the carbonisation yield reached only 12 and 10% which is very low. All AC exhibited a basic point of zero charge, around 9.4 and a variable oxygen percent between 3.9 and 8.6 %. PET activation with NaOH is very useful for preparing AC with large micropores or some mesoporosity. The presence of mesoporosity is an important criterion for the AC application in wastewater treatment, especially, for removal of bulky adsorbates.
With KOH, the results presented here concern just the dry mixing method of the activating agent and precursor, as the dry method produces AC with a high micropore volume when compared with the wet mixing method and the carbonisation yield was almost similar.
At lower temperature, the ratio KOH/PET seemed to influence the carbonisation yield slightly, but when the temperature reached 1173K a ratio of KOH/PET of 3 seems too high, as the carbonisation yield reached only 6%. On the other hand, at 723 and 873 K, when the ratio KOH/PET was equal to 1, it seems that the activating agent was not enough and the PET carbonisation took place without contact with the activating agent, which gave raise to an opening of the initial part of the isotherm, corresponding to a pore size enlargement. At 873 K, when the KOH/PET ratio was 3, the micropore volume decreased (0.19 cm 3 g -1 ) when compared with that of samples prepared with a ratio of 2 (0.23 cm 3 g -1 ) and an enlargement in the mean pore size took place. At 1173K, when the ratio was changed from 2 to 3, the carbonisation yield and the micropore volume decreased drastically.
The ratio KOH/PET of 2 seems to produce an AC with a high micropore volume and a narrow pore size and this ratio was chosen for posterior investigation. With this condition, an increase in the carbonisation temperature produced a gradual enhancement in the micropore volume, from 0.23 to 0.75 cm 3 g -1 , due to an enlargement of the small micropores, whose mean pore size varied from 0.66 to 1.58 nm. However, a temperature of 1273K was considered too high for the AC preparation from PET waste, as at this temperature we achieved only ash. All AC prepared with KOH presented a pzc between 6.44 and 8.85 and the oxygen percent varied from 5.9 to 8.5, as presented in table 1.
With a PET precursor, H 3 PO 4 lead to AC with a narrow pore size distribution and with an acidic point of zero charge. NaOH lead to AC with a heterogeneous microporosity or also some small mesoporosity, as the mean pore size varied from 1.15 to 2.42 nm. KOH lead to AC with a heterogeneous microporosity, but with the right setting we could prepare an AC with a high micropore volume or even so with a different pzc. With this precursor, a good combination of activating agent, ratio of activating agent/precursor and carbonisation temperature allowed us to obtain AC with specific chemical and structural characteristics, which are properties very important for the identification of a precise application for the materials obtained.
For the three activating agent studied here, NaOH, H 3 PO 4 and KOH, the optimum condition for preparing AC from PET waste, lead to carbons with a micropore volume of 0.28, 0.34 and 0.75 cm 3 g -1 respectively. The carbonisation yield obtained with NaOH in different conditions was always lower than that obtained with KOH. Based on these results, NaOH doesn't seem to be an appropriate chemical activating agent for preparing AC with a high micropore volume and a narrow pore size with these experimental settings. However, all samples prepared with NaOH presented a pore size between 1.15 and 2.42 nm and a high pzc which could be an important characteristic in applications for bulky adsorbate removal. The waste PET seems an excellent precursor for preparing AC with KOH, as it allows one to produce adsorbents with a well-developed microporosity (from 0.23 to 0.75 cm 3 g -1 ) and a pore size varying from 0.66 to 1.58 nm.
In this work, a shorter time of carbonisation-activation is needed compared to others methods and we achieved a high yield of AC/precursor, which is a very important aspect for industrial applications.
Conclusion
The absence of mineral matter and other impurities in the composition of recycled PET together with its high carbon content transform this residue in a potential precursor for high quality activated carbon. A good combination of activating agent, ratio of activating agent/precursor and
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Advanced Materials Forum IV carbonisation-activation temperature allows the production of AC with specific chemical and structural characteristics, which are properties very important for identifying an application. The AC surface area and micropore volume were strongly influenced by the chemical activating agent, mixing method, ratio of activating agent/precursor and subsequent pyrolysis temperature. All the AC prepared were essentially microporous or presented some small mesopores and the pzc varied from acidic to very basic. H 3 PO 4 allowed us to obtain AC with a similar pore size, which suggests that microporosity is caused by the activating agent retained in the precursor independently of the effects caused by its interaction with waste PET. NaOH allowed us to obtain AC with a broader pore size distribution and KOH lead to AC with the highest micropore volume. Finally, based on different chemical activation methods it is possible to get AC with a large range of pore sizes, micropore volume, oxygen percent and pzc. The experimental procedure was easier and faster than the most used method proposed in the literature for preparing AC from PET fibre or from granulated recycled PET. Finally, the conjugation of all parameters allows the preparation of AC with a high yield which is an important criterion for possible manufacturing.
